Introduction
The micro-Doppler of the micro-motion of the radar target has been a hot point of researches for many years since V. C. Chen's work [1] [2] [3] . The characteristics of micro-Doppler caused by micro-motions are beneficial for target recognition, positioning and some other applications. The mass center of the target usually has a translational motion, and the micro-motion is the mechanical vibration and rotation of the target or the part of it [3] . Therefore, the micro-Doppler can reflect the dynamics features of the target. Because of the usefulness of the micro-Doppler in practice, a large quantity of researches on micro-Doppler has been made for more than ten years [4] [5] [6] [7] . The research areas include the micro-Doppler of human bodies, the micro-Doppler of vehicles, and the micro-Doppler of flying targets and so on [8] [9] [10] . These researches mainly focused on what is the micro-Doppler effect corresponding to the micro-motion, how to obtain the characteristics of the micro-Doppler, and how to use it [11] , [12] .
The micro-Doppler of a target with mechanical vibration and rotation motions in addition to the translation motion of its mass center has been given for rigid bodies [3] . Not only the scattering centers have mechanical micro-motions, but also the scattering centers can have the electromagnetic micro-motion, which can be called scattering centers sliding. The influence of scattering centers sliding on the bistatic high range resolution profiles (HRRPs) was studied in [13] , [14] . And the formation mechanism of sliding scattering centers was studied based on creeping waves theory in [15] , [16] . In [17] , the micro-Doppler of the cone-cylinder-shaped target with sliding scattering centers for the mono-static radar was studied. And in [17] there's only one type of the sliding scattering centers considered. In [18] , the sliding scattering center model has been given and validated by the numerical computation results of the scattering field of the extended streamlined target. And the micro-Doppler effect of the extended streamlined target with sliding scattering centers has been studied in [18] , [19] . But only micro-motions were considered in [18] , [19] , and the velocity of the translation motion was ignored. The micro-motion, translation motion, and the scattering center sliding, all these three kinds of motions can cause Doppler Effect. And the micro-Doppler is affected by the interactions of all these three kinds of motions. All these three kinds of motions should be considered in the micro-Doppler analysis for the extended streamlined target. Therefore, the micro-Doppler effect is studied in this paper based on the sliding scattering center model under the conditions of the translation motion and the cone motion for the bistatic radar. This paper is organized as follows. Section 2 presents the motion model of the target for the bistatic radar; Section 3 gives the analytical expression of the micro-Doppler of the extended streamlined target; Section 4 gives the numerical results, and the simulated results based on the electromagnetic numerical computation are given to validate it. Finally, the conclusions are made.
Geometry Model of the Micromotion of Extended Streamlined Targets
The track of the mass center of the extended streamlined target is a straight line. The mass center is denoted as point M. And radar is located on the ground, denoted as points A and B for the receiver and the transmitter, respectively. The least distance between the receiver and the target is denoted as R r , and the corresponding point in the track line is point O. The radar coordinates system xyz is set as follows: the origin is O, and z axis is along the track line, and x axis is from O point to the receiver. That is, the receiver coordinates in the radar coordinate system are (R r , 0, 0). The transmitter coordinates in the radar coordinate system are (R t cos , R t sin , z t ). In this paper, it is assumed that R r >> AB and R t >> AB . The velocity amplitude of the mass center is denoted as v. It is set that the time t = 0 when the mass center arrives at point O. Thus, the coordinates of the mass center M are (0, 0, vt) as seen in Fig. 1 . the axis of the cone-motion is z axis. Then, the location of the top point T in the radar coordinates system is (l sin sin( t + 0 ), l sin cos( t + 0 ),l cos + vt) where l is the distance between M and T. 0 is the original phase of the cone-motion.
The target coordinate system XYZ is set as follows. The plane determined by the receiver and the track line is defined as XZ plane as seen in Fig. 2 . The mass center M is the origin of the XYZ coordinates system. And the Z axis is from point M to T. The center of the bottom of the target is denoted as point Q. The distance between T and Q is denoted as h. The radius of the cross section through Q is denoted as b, and the radius of the cross section through M is a. The distance from A and B to point M are denoted as p and q respectively. U is the nearest point in Z axis to the receiver, and V is the nearest point in Z axis to the transmitter.
According to the sliding scattering center model, the cone-shaped target will have three sliding scattering centers [18] . They are points P 1 , P 2 and P 3 respectively in Fig. 2 . The ranges from radar to these points are denoted as r r1 , r r2 , r r3 , r t1 , r t2 and r t3 respectively in Fig. 2 .
Firstly, the triangle ATM is analyzed. Based on the locations of points A, T and M in the radar coordinate system, the unit vector of in the target coordinate system can be obtained as sin sin BT sin cos cos
In the same way, the triangle BTM is analyzed. Based on the locations of points B, T and M in the radar coordinate system, the unit vector of in the target coordinate system can be obtained as sin cos sin sin cos e e e e , 
sin sin .
P 1 will slide on the surface in Fig. 2 with different radiation directions. Therefore, the calculation of r t1 and r r1 is a bit complicated. The location of P 1 in the target coordinates system can be denoted as (X 1 ,Y 1 ,Z 1 ). The target surface for l -h Z 1 l can be assumed to be a quadratic surface. Then,
where c 1 l 2 + c 2 l = a 2 and c 3 = -a 2 . Assume 0 c 1 1 for the target. The normal vector of the surface on P 1 is
The unit vector of the bisector of angle AMB is 
MB MA e e (17) when the distance between the radar and the target is far larger than the size of the target, e P1 should be parallel to e M . Therefore, 
Because the continuity of the physical phenomenon, the micro-Doppler under the situation c 1 = 0 is the limitation of the micro-Doppler under the situation c 1 0. Therefore, only the situation c 1 0 is considered in the following derivation.
Substitute (1), (5), (19) . (23) Equation (23) can be rewritten as . (24) The location of P 2 in the target coordinate system is (b, 0, l -h). Therefore, 
Although P 2 and P 3 are sliding points in three dimensions space, they are stationary in two dimensions XZ plane as seen in Fig. 2 with different radiation directions of radar.
Micro-Doppler of the Extended Streamlined Target
The Doppler frequency shift caused by the motion of P i can be expressed as [3] d,1
where k is the wave number of the carrier frequency.
The micro-Doppler caused by the micro-motion of P i can be expressed as [3] md,1
Substituting (2), (6), (11), (20), (24) into (28), then equations (29) and (30) can be derived (see the bottom of this page).
Note that P 1 exists only when l -h Z 1 l. It can be seen that f md,1 (t) is different with the non-sliding scattering center. Therefore, it is a feature for the target recognition based on the micro-Doppler of the sliding scattering center.
If R r = R t = 0 (this means that the target is flying toward the radar), then f md,1 (t) = 0. There is no microDoppler, and no micro-Doppler effect caused by the sliding of P 1 .
b) Micro-Doppler of P 2 and P 3 Substituting (2), (6), (11), (25) (35) It can be seen that the micro-Doppler consists of two parts, one is caused by the size (l -h), and the other is caused by b. They are sizes on two orthogonal dimensions, Z and the lateral respectively. Therefore, the effect of the scattering center sliding is the shape change of the microDoppler distributions along with time.
When r /2 and t /2, it can be seen from (34), (35) that f md,2 (t) f md,3 (t). This means that when the target is very near the point O in Fig. 1 , the micro-Doppler of P 2 and P 3 are approaching the same one.
When r 0 and t 0, it can be seen from (34) Fig. 1 , the micro-Doppler of P 2 and P 3 are approaching the negative of each other.
When r = t 0, that is, the target is far away from the point O in Fig. 1 and the radar is mono-static, it can be seen from (29), (35) that the shape of the micro-Doppler curve of P 1 and P 3 are approaching to each other on the condition that c 1 0 and a < l.
When R r = R t = 0, that is, the target is flying toward the radar, it can be seen that f md,2 (t) = f md,3 (t)=0. There are no micro-Doppler, and no micro-Doppler effect caused by the sliding of P 2 and P 3 , too.
Numerical Validations
The analytical expressions of (29), (34), (35) can be validated by the simulated results based on the full-wave method of electromagnetic computation.
The parameters are set as follows. The wavelength is 0.03 m. a is 0.25 m, l is 1 m, and h is 1.25 m, c 1 is 10 -6 . The velocity of the target is 1000 m/s, is 1 rad/s, is 0.1 rad, and 0 is zero. R t and R r are both 200 km. z t and are both zeros.
Instantaneous micro-Doppler frequency distributions based on (29), (34), (35) are given in Fig. 3 . Figure 3(a) gives the instantaneous micro-Doppler frequency distributions along with time from -1000 s to -975 s, from -50 s to -25 s, and from -25 s to 0 s. And Figure 3(b) gives the instantaneous micro-Doppler frequency distributions along with time from 975 s to 1000 s, from 25 s to 50 s, and from 0 s to 25 s. For comparison with the non-sliding, the imaginary micro-Doppler of point T is given in the same figure. From the first subplot of Fig. 3(a) , it can be seen that the micro-Doppler of P 1 and P 3 are approaching each other and f md,2 (t) -f md,3 (t) approximately, just the same as the analysis in Sec. 3 for small r and t . And they are approaching the imaginary micro-Doppler of point T in the subplot for P 1 and P 3 , which also can be seen from (29), (35).
In the second and the third subplots of Fig. 3(a) , r /2 and t /2. In this situation, it can be seen from the subplots that f md,2 (t) f md,3 (t), just the same as the analysis in Sec. 3. The micro-Doppler of P 1 is less than that of T due to scattering center sliding. In these two subplots, the micro-Doppler of P 1 is to disappear gradually. This is because of the target approaching point O.
When the target is far away from the radar, the sliding of P 1 is not obvious. Compared with the imaginary micro-Doppler of point T, the influence of the sliding of P 1 is apparent when the target is approaching to the point O. The value and the shape of the micro-Doppler distribution curve of P 1 are influenced. The value becomes less, and the shape is distorted. For P 2 and P 3 , the sliding of them influences the shape of the micro-Doppler distribution curve mainly when the target is far away from the radar. This means that the influence of the sliding is different for these two different types of the sliding scattering centers P 1 and P 2 (P 3 ).
The characteristics of Fig. 3(b) are similar to Fig. 3 (a) except that there's no micro-Doppler of P 1 in Fig. 3(b) . When t > 0, the sliding scattering center P 1 disappears.
For comparison, the simulated results of the microDoppler of the same situation are given. The simulated results of the micro-Doppler are based on the backscattering field results computed by the hybrid finite elementboundary integral-multilevel fast multi-pole algorithm (FE-BI-MLFMA) [20] [21] [22] . The time-frequency presentations (TFR) are given in Fig. 4 for the same time as Fig. 3 . The TFR are obtained based on the short-time Fourier transform [23] [24] [25] .
From Fig. 3 and Fig. 4 , it can be seen that the results of of the target. For example, in the first subplot of Fig. 4(a) , it can be known based on the analytical expressions that there are three curves for P1, P2 and P3 respectively actually. And the curves of P1 and P3 are near to each other and seem to be one, a distorted one. Therefore, there seems to be only two curves of micro-Doppler in the subplot, one is smooth, and the other is distorted.
As mentioned before, papers [18] have not considered the translation of the mass center. In this paper, to evaluate the influence of the translation velocity on the micro-Doppler of the sliding scattering centers, the numerical results based on the analytical expressions with v = 5000 m/s are given in Fig. 5 . And other parameters are the same as Fig. 3 .
Note that the first subplot of Fig. 3 and the first subplot of Fig. 5 have the same starting position of the target, and the third subplot of Fig. 3 and the second subplot of Fig. 5 have the same ending position of the target. It can be seen that the characteristics of the micro-Doppler distribution curves are different in Fig. 3 and Fig. 5 . Therefore, the analytical expressions with the translation influence in this paper are meaningful to the extension of the research in [18] for sliding scattering centers.
Conclusions
The analytical expressions of micro-Doppler of the sliding scattering centers are given based on the model of the extended streamlined targets for the bistatic radar. The sliding can make the micro-Doppler be less and distorted. And the sliding can make the TFR varying apparently along with time. The influence of the sliding is different for the two different types of the sliding scattering centers P1 and P2 (P3).The analytical expressions have been validated by the simulated results based on the full-wave method of the electromagnetic computation. The expressions are helpful to analyze the TFR of the extended streamlined target for the bistatic radar and to estimate the parameters of the target. 
